Chromosomal rearrangements leading to constitutive activation of anaplastic lymphoma receptor tyrosine kinase (ALK) define a category of lung adenocarcinomas that may be amenable to targeted therapy with the ALK inhibitor crizotinib. Defining distinctive features of ALK-rearranged (ALK þ ) lung adenocarcinomas may help identify cases that merit molecular testing. However, data describing the morphologic features of ALK þ lung adenocarcinomas are conflicting and are primarily based on analysis of resected primary lung tumors. It is unclear whether the findings from prior studies are applicable to metastatic lung tumors or to small biopsy/ cytology specimens. To address these issues, we examined resection, excision, small biopsy, and cytology cell block specimens from 104 ALK þ and 215 ALKÀ lung adenocarcinomas from primary and metastatic sites. All cases were evaluated for ALK rearrangements by fluorescence in situ hybridization. The predominant histologic subtypes and distinctive cytomorphologic features were assessed in each case. Primary ALK þ lung adenocarcinomas showed a significant association with solid, micropapillary, and papillary-predominant histologic patterns and tumor cells with a signet ring or hepatoid cytomorphology. Among metastatic lung tumors and small biopsy/cytology specimens, the only distinguishing morphologic feature of ALK þ tumors was the presence of signet ring cells. Based on these results, we developed a morphology-based scoring system for predicting ALK rearrangements in lung adenocarcinomas. The scoring system predicted ALK rearrangements in a new cohort of 78 lung adenocarcinomas (29 ALK þ and 49 ALKÀ) with a sensitivity of 88% and a specificity of 45%. In conclusion, ALK þ lung adenocarcinomas have distinctive morphologic features, with signet ring cells showing a significant association with ALK rearrangements irrespective of tumor site (primary vs metastatic) or specimen type. However, morphologic screening alone will not detect a minority of ALK þ lung adenocarcinomas, and the routine use of ancillary studies may be warranted to identify all patients who may benefit from crizotinib treatment.
Lung cancer remains a leading cause of cancerrelated mortality worldwide. 1 Although cancer is known to develop by the accumulation of complex genetic and epigenetic changes, in some cases the malignant phenotype appears to be dependent on the activity of critical oncogenic signaling pathways. 2 The development of therapeutic agents capable of targeting the activity of specific oncoproteins has prompted efforts to classify lung cancers according to the genetic changes that activate these signaling pathways. In 2007, two groups independently identified a subset of lung adenocarcinomas harboring chromosomal translocations involving the anaplastic lymphoma receptor tyrosine kinase (ALK) gene. 3, 4 Many of the cases of lung adenocarcinoma with ALK rearrangements involve a paracentric inversion affecting chromosome 2p21 and 2p23 that results in a fusion between the 5 0 portion of the echinoderm microtubule-associated protein like 4 (EML4) gene and the 3 0 portion of the ALK gene. The EML4-ALK fusion results in dimerization and ligand-independent activation of the ALK tyrosine kinase domain, leading to constitutive engagement of downstream signaling pathways that promote cell survival and proliferation, such as the JAK3/STAT3, PI3K/AKT, and Ras/Mek/Erk pathways. 5 A recent phase I clinical trial of crizotinib, a small-molecule tyrosine kinase inhibitor with potent activity against ALK, demonstrated a significant objective response rate in patients with lung adenocarcinomas harboring ALK rearrangements. 6 Subsequently, crizotinib was approved by the US Food and Drug Administration (FDA) to treat locally advanced or metastatic ALK þ lung adenocarcinomas. Thus, the identification of ALK rearrangements is emerging as an important component of the pathologic analysis of lung adenocarcinomas.
Given the FDA approval of crizotinib with a companion diagnostic test-fluorescence in situ hybridization (FISH) using the Vysis ALK Break Apart FISH Probe Kit (Abbott Molecular)-ALK FISH has been firmly established as the gold standard for detecting ALK rearrangements in the United States. However, it is currently impractical for most pathology laboratories to screen all lung adenocarcinoma specimens for ALK rearrangements using FISH (College of American Pathologists (CAP)/International Association for the Study of Lung Cancer (IASLC)/Association for Molecular Pathology (AMP) Lung cancer biomarkers guideline draft recommendations), as ALK rearrangements reportedly occur in only 2-7% of lung adenocarcinomas 6 and the cost of ALK FISH is approximately $1500. Therefore, recognizing distinctive clinicopathologic features of ALK þ lung carcinomas may help oncologists and pathologists enrich for cases that will be positive for ALK rearrangements by molecular testing. Some features previously reported to be associated with ALK rearrangements include young age of onset, reduced smoking history, advanced stage at presentation, adenocarcinoma histology, and mutual exclusivity with activating mutations in EGFR and KRAS. 4, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] In spite of the common findings among the above studies, the results of detailed pathologic analyses have varied. Previously, our microscopic analysis of 20 ALK þ lung adenocarcinomas revealed a strong association with a solid-predominant architecture and the presence of signet ring cells with intracytoplasmic mucin vacuoles and peripherally displaced and flattened nuclei. 11 This study included a variety of specimen types with the majority consisting of biopsies of both primary and metastatic tumors. In contrast, morphologic analysis of resected primary ALK þ lung adenocarcinomas from a predominantly Asian patient cohort identified acinar-predominant architecture and abundant mucin production as morphologic features significantly associated with ALK rearrangements. 8, 13, 17 It is unclear whether these conflicting results are due to differences in tumor stage (early vs advanced), specimen source (primary vs metastatic tumor), or ethnicity in the study populations. Furthermore, at least 70% of patients with lung cancer present at an advanced stage with unresectable disease. 18 In these patients, tumors are frequently sampled from either primary or metastatic sites by minimally invasive procedures such as transthoracic and endobronchial biopsies, and the pathologic diagnosis must be made on limited amounts of tissue. 18 Therefore, any histologic and cytologic screening criteria for ALK rearrangements in lung adenocarcinomas must be applicable to specimens from metastatic sites as well as small samples. To address these issues, we performed a detailed cytologic and histologic analysis of the largest cohort of ALK þ tumors reported to date and assessed whether any distinctive features associated with ALK rearrangements could be extended to metastatic tumors and small biopsy/cytology specimens.
Materials and methods

Study Design and Case Selection
This study was approved by the Massachusetts General Hospital (MGH) Institutional Review Board. The study consisted of two phases. The purpose of the first phase of the study was to identify histologic and cytologic features significantly associated with ALK þ lung adenocarcinomas. Our study group consisted of 319 cases of lung adenocarcinoma that had been genotyped by the MGH Molecular Pathology Laboratory, 104 of which were ALK þ and 215 of which were ALKÀ. ALK rearrangements were detected using FISH, as described below. In most cases, the presence of mutations in other cancer genes was determined by direct sequencing or with the SNaPshot genotyping platform. 19 The 104 ALK þ cases included primary lung tumors (n ¼ 54) and lung tumors sampled from metastatic sites (n ¼ 44). In six of those referred from outside institutions, we could not determine whether the biopsy was taken from a primary or metastatic site. The specimen types varied and consisted of lung resections (n ¼ 29) or excisions of metastatic deposits (n ¼ 25) and small biopsy (n ¼ 40) or cytology (n ¼ 10) specimens. The 215 ALKÀ cases also included primary lung tumors (n ¼ 172), lung tumors from metastatic sites (n ¼ 43), resections of the lung primary (n ¼ 145), excisions of metastases (n ¼ 16), and small biopsy (n ¼ 33) or cytology specimens (n ¼ 7). In 14 ALKÀ cases, both small biopsy and cell block material were available for review. Please see Supplementary Table S1 for a detailed breakdown of small biopsy and cytology specimen types. For patients whose medical records were available for review, we collected clinical data including sex, age at the time of specimen procurement, smoking history, and clinical stage of disease.
On the basis of the findings from the first phase of the study, we developed a two-tier scoring system for predicting the presence of ALK rearrangements Morphology of ALK-rearranged lung adenocarcinomas M Nishino et al in lung adenocarcinomas. The scoring system was based on a combination of cytologic and histologic features as well as specimen type and was designed to classify cases as having a low vs high probability of harboring ALK rearrangements. We tested the scoring system on 78 additional cases of lung adenocarcinoma that consisted of 29 ALK þ and 49 ALKÀ lung cancer specimens. Of these, 60 cases represented samples of primary lung tumors (21 ALK þ and 39 ALKÀ), and 18 cases represented samples from metastatic sites (8 ALK þ and 10 ALKÀ).
Of note, almost all lung adenocarcinomas have been screened for ALK rearrangements by FISH (reflex testing) at our hospital since 2009. Although we did not prescreen patients before testing for ALK rearrangements, both testing and validation cohorts were enriched for ALK þ cases most likely due to the fact that our hospital and molecular pathology laboratory have served as a referral center and a central laboratory, respectively, for the enrollment of patients in the clinical trials investigating the ALK inhibitor crizotinib.
Morphologic Analysis
In the first phase of the study, two of the authors (MMK, and MN or VEK) jointly performed comprehensive histologic subtyping of 319 lung adenocarcinomas, based on recommendations by the recent classification strategy proposed by the IASCLC, American Thoracic Society (ATS), and European Respiratory Society (ERS). 18 In brief, we semiquantitatively determined the proportion of any particular histologic pattern in 10% increments and recorded the predominant histologic pattern (lepidic, acinar, papillary, micropapillary, solid, invasive mucinous adenocarcinoma, or the other variants). In light of the recent report that ALK þ tumors are strongly associated with the presence of abundant extracellular mucin and a cribriform pattern (together comprising the 'mucinous cribriform' pattern), we also examined each of our cases for the presence of extracellular mucin and cribriform architecture (counted in the acinar category for histologic subtyping). Tumors that showed both extracellular mucin and cribriform architecture were noted to have a mucinous cribriform component; these cases were recorded as a subcategory of tumors with a cribriform component. 15 We also noted the presence of necrosis and calcifications (including psammoma bodies). For each case, we also applied a three-tier scoring system for nuclear grade (low, intermediate, and high grade) and recorded the highest grade for the analysis. 20 Additional cytologic features that were recorded include the presence of tumor cells with signet ring or hepatoid (exhibiting abundant cytoplasm, round nuclei, and conspicuous nucleoli) morphology. The percentage of tumors involved by signet ring cells was assessed semiquantitatively into three tiers: none, present but o10%, and X10%. In the 14 ALKÀ cases in which both biopsy and cell block specimens were available, both specimen types were used to render an overall assessment of morphologic features.
In the second phase of the study, hematoxylin and eosin-stained slides were reviewed with the authors being blinded to the results of ALK FISH for all cases. Two of the authors (MMK and MN) scored each slide for parameters that were determined to be predictive of ALK rearrangements during the first phase of the study, including predominant histologic subtype, signet ring cells, hepatoid cells, and specimen type (resection/excision vs small biopsy specimen). 
In Situ Hybridization
Statistical Analysis
In the first phase of the study, Fisher's exact test and Wilcoxon rank-sum test were used to compare categorical and continuous clinicopathologic data, respectively, between ALK þ and ALKÀ cases. Univariate analysis was performed on each of the following groups: lung adenocarcinomas from primary site; lung adenocarcinomas from metastatic sites; 'large' specimens (resections of primary tumors and excisional biopsies of metastatic tumors); and 'small' biopsy and cytology specimens. The specimen type was included as a covariate in the data analysis of both primary and metastatic lung adenocarcinomas, given the notion that the amount and quality of tissue obtained by a particular type of procedure may influence the cytomorphologic evaluation of the specimen. For the second phase of the study, morphologic factors associated with a P-value r0.05 in the univariate analysis of primary tumors (predominant histologic subtype, presence of signet ring cells, hepatoid cytology, and specimen type) were assessed by logistic regression in the multivariate analysis. Backward elimination was used to identify independently significant factors based on a removal criterion at the P ¼ 0.05 level. Although univariate analysis showed a significant difference in the presence of psammoma bodies and calcifications between ALK þ and ALKÀ primary tumors, this variable was excluded from the regression model because of numerical constraints as only one ALKÀ case demonstrated psammoma bodies and calcifications. On the basis of the final regression model, a scoring system was developed by assigning points to each predictive factor proportional to the magnitude of their parameter estimate. All P-values were based on two-sided hypothesis tests, and the computations were performed using SAS 9.2 (SAS Institute, Cary, NC, USA).
Results
Clinicopathologic Features of ALK þ Lung Adenocarcinomas
The clinical features of the ALK þ and ALKÀ cases are summarized in Table 1 . Comprehensive demographic data were not available for the subset of ALK þ specimens that were submitted to the MGH Molecular Pathology Laboratory exclusively for molecular testing with incomplete clinical information. Of the cases with clinical data available, ALK þ tumors were associated with a younger age at presentation, higher stage at diagnosis, and reduced history of smoking compared with patients with ALKÀ tumors, in line with our previous report. 12 Patients with ALK þ tumors had an age range of 21-86 years and mean and median ages of 52 and 55 years, respectively (compared with mean age of 64 years and median age of 65 years for patients with ALKÀ tumors, Po0.0001). Of the 81 patients with ALK þ tumors and available clinical staging data, 69 (85%) presented at advanced stage (IIIB or IV), compared with 30% (64/214) of patients with ALKÀ tumors and available clinical staging data (Po0.0001). A smoking history was available for 39 patients with ALK þ and 214 patients with ALKÀ tumors. Of the 39 patients with ALK þ tumors and an available smoking history, 69% (27/39) were never smokers with a lifetime history of smoking o100 cigarettes, 10% (4/39) were light smokers with 10 pack-years or less of smoking, and 21% (8/39) were smokers with 410 pack-years of smoking. In contrast, for the 214 patients with ALKÀ tumors, only 20% (42/214) were never smokers, 13% (27/ 214) were light smokers, and 67% (145/214) were smokers (Po0.0001). ALK rearrangements were not significantly associated with sex. Of the 53 ALK þ specimens for which clinical data were available, 47% (25/53) were from male and 53% (28/53) were from female patients. For ALKÀ tumors, 40% (85/ 215) were from male and 60% (130/215) were from female patients (P ¼ 0.3508).
Molecular Profiles of Cases Examined in the Study
The molecular profiles of 104 ALK þ and 215 ALKÀ lung adenocarcinomas examined in the study are summarized in Supplementary Table S2 . In all ALK þ cases, no concurrent activating mutations in EGFR or KRAS were detected. Among ALKÀ cases, activating mutations in EGFR were identified in 44 cases, and activating mutations in KRAS were detected in 70 cases. Tumors with no ALK rearrangements or activating mutations in EGFR or KRAS comprised 99 of the cases. In two ALKÀ cases, the status of EGFR or KRAS mutations was unknown. Among the ALKÀ cases, activating and sometimes concurrent mutations in CTTNB1 (beta-catenin, n ¼ 7), TP53 (n ¼ 8), PIK3CA (phosphatidylinositol 3-kinase, n ¼ 7), ERBB2 (human epidermal growth factor receptor 2, n ¼ 2), and BRAF (n ¼ 3) were also detected.
Morphologic Features of ALK þ Lung Adenocarcinomas
The morphologic features of ALK þ and ALKÀ primary lung tumors are summarized in Table 2 . Among primary lung tumors, a solid-predominant Among primary lung cancer specimens, 15 (28%) of ALK þ tumors contained at least a focal population of hepatoid tumor cells with abundant eosinophilic cytoplasm, round nuclei, and prominent nucleoli (Figures 1b and e) . These hepatoid features were seen in a predominantly solid architectural pattern in 9 of these 15 (60%) cases. Conversely, only 6% of ALKÀ tumors exhibited hepatoid cytomorphology (Po0.0001). ALK rearrangements were also significantly associated with the presence of psammoma bodies (Po0.0001) and lower nuclear grade (P ¼ 0.0427) in primary lung tumors. Conversely, neither the presence of extracellular mucin nor cribriform glands was a predictor of ALK rearrangements in our cohort.
Among metastatic tumors, the only significant morphologic feature associated with ALK rearrangements was the presence of signet ring cells, with 71% of ALK þ metastases showing at least focal signet ring cells (compared with 21% of ALKÀ metastases, Po0.0001) and 30% of ALK þ metastases showing abundant signet ring cells comprising 10% or more of the tumor (compared with 5% of ALKÀ metastases, P ¼ 0.0034) ( Table 3) . Predominant histologic subtype, hepatoid cytology, and the presence of psammoma bodies were not significantly different between ALK þ and ALKÀ lung adenocarcinomas from metastatic sites.
Next, we determined whether any of these morphologic features were distinguishable on the subset of specimens procured by minimally invasive procedures, including endobronchial and transthoracic biopsies, core biopsies of metastatic disease in lymph node, bone, and soft tissue, and cell blocks of fine needle aspiration biopsies and pleural fluid. In these 'small' specimens, the only significant morphologic feature associated with ALK rearrangement was the presence of signet ring cells (Supplementary Table S3 ). The predominant histologic pattern of the tumor, the presence of hepatoid tumor cells, and the presence of psammoma bodies were not significant factors distinguishing ALK þ from ALKÀ tumors in these small specimens.
Multivariate Analysis and Morphologic Model for Predicting ALK Rearrangements
We next used multivariate data modeling on our analysis of primary lung tumors to identify variables that could independently predict the presence of ALK rearrangements. The multivariate analysis identified the presence of signet ring cells, micropapillary-predominant histology, and hepatoid tumor cells as the most predictive independent factors of ALK rearrangements. Solid-and papillary-predominant Morphology of ALK-rearranged lung adenocarcinomas histology (Figures 1d and e) and small biopsy specimens were also significant independent factors predictive of ALK status. With respect to specimen type, 'small' specimens such as endobronchial biopsies, CT-guided core biopsies, and cytology specimens comprised 48% of ALK þ tumors but The association between specimen type and ALK rearrangements likely reflects the fact that patients with ALK þ tumors frequently present at an advanced stage with unresectable disease 12 and are more likely to be diagnosed by minimally invasive biopsies rather than excision or resection specimens.
On the basis of the multivariate analysis, we developed a scoring system in which variables were assigned points proportional to their estimated ability to predict ALK rearrangements (Table 4) . To optimize the sensitivity of the scoring system in detecting patients who may benefit from molecular testing, cases with a total score of 2.5 points or higher were considered 'highly probable' for having ALK rearrangements, corresponding to predicted probability 410%. With this threshold, a 'highly probable' score was associated with ALK rearrangements with sensitivity of 89% and specificity of 75% in our group of 226 primary lung tumors.
We validated the scoring system on a new cohort of 78 lung adenocarcinoma cases (29 ALK þ , 49 ALKÀ) that had undergone FISH analysis for ALK rearrangements. These cases consisted of 60 primary lung tumors and 18 metastatic tumors. Small biopsy specimens comprised 31 of the cases. Two pathologists blinded to the status of ALK rearrangements independently applied the scoring system to each case. The scoring system predicted ALK rearrangements with an average sensitivity of 88%, specificity of 45%, positive predictive value (PPV) of 49%, and negative predictive value (NPV) of 87% (Table 5 ). Subset analysis revealed that the scoring system showed high sensitivity for predicting ALK þ tumors in primary tumors (88%) and small biopsy specimens (93%). Interestingly, although the scoring system was based on multivariate analysis of primary tumors, it predicted ALK rearrangements in metastatic tumors with sensitivity comparable to that of primary tumors (88%).
We examined whether the detection of signet ring cells was also predictive of ALK rearrangements in the validation cases. Overall, the detection of signet ring cells showed a lower sensitivity but higher specificity for predicting ALK rearrangements compared with the multivariate model-based scoring system (Table 5) . Subset analysis showed similar values for sensitivity and specificity for primary and metastatic tumors as well as small biopsy specimens. Semiquantitative assessment of the percentage of signet ring cells in each tumor showed that the presence of at least 10% signet ring cells in a tumor predicted ALK rearrangements with a high specificity (92%) but low sensitivity (31%). This direct relationship between the amount of tumor composed of signet ring cells and specificity for ALK rearrangements was preserved in the subset analyses of primary, metastatic, and small biopsy samples.
Discussion
Our analysis of a large cohort of primary and metastatic lung adenocarcinomas confirms that chromosomal rearrangements involving the ALK gene are associated with distinctive morphologic features that may be helpful in selecting specimens for more definitive molecular testing, especially when available tissue samples are limited. Multi- Total scores of 2.5 or more are considered 'highly probable' for ALK+ (corresponds to predicted probability of 10%).
variate analysis identified specimen type, the presence of signet ring and hepatoid cytomorphology, and micropapillary-, solid-, or papillary-predominant architectures as features independently associated with ALK þ lung adenocarcinomas. A phenotypic scoring system based on these characteristics predicted the ALK-rearrangement genotype with a sensitivity of 88%. Notably, although the validation set was not perfectly matched to the initial cohort on which the multivariate analysis was performed, the multivariate analysis-based scoring system predicted ALK þ tumors with a comparable sensitivity, albeit lower specificity. The presence of tumor cells with signet ring morphology was the most significant independent feature of ALK rearrangement in primary lung adenocarcinomas as well as metastatic tumors and small biopsies obtained by minimally invasive procedures. In fact, the presence of signet ring cells showed a higher specificity for the ALK þ genotype compared with the multivariate model-based scoring system. Furthermore, the proportion of tumor involvement by signet ring cells directly correlated with specificity for ALK rearrangements in both the initial cohort of 319 patients (data not shown) and the validation cases. These findings underscore the recent recommendations in the IASLC/ATS/ERS lung adenocarcinoma classification system to record the presence and extent of signet ring cells in lung adenocarcinomas. 18 Although signet ring cells can be seen in many architectural patterns of lung adenocarcinoma and do not appear to define a subtype of lung adenocarcinoma per se, documenting the approximate percentage of signet ring cells may allow pathologists to identify cases that have a higher probability of harboring ALK rearrangements. Nevertheless, the assessment of signet ring cells alone has a relatively low sensitivity for predicting ALK rearrangements and is insufficient as a sole screening parameter for ALK rearrangements.
A hepatoid cytomorphology was also identified as a feature independently associated with ALK þ primary lung adenocarcinomas in our cohort. Solis et al 21 recently reported 16 cases of primary oncocytic lung adenocarcinomas in which over 50% of the tumor was composed of cells with abundant eosinophilic cytoplasm, round nuclei, and conspicuous nucleoli, similar to the cells we describe as having a hepatoid cytology. Mutation analysis of these oncocytic adenocarcinomas revealed that approximately 40% of these tumors harbored activating mutations in either EGFR or KRAS. It would be interesting to determine the proportion of tumors harboring ALK rearrangements among the remaining cases that lack EGFR and KRAS mutations. Of note, 60% (9/15) of ALK þ primary lung tumors and 92% (12/13) of ALK þ metastatic lung tumors with hepatoid cytomorphology showed a solid-predominant pattern in our cohort. The presence of solid nests or sheets of tumor cells with hepatoid cytomorphology may be misinterpreted as squamous cell carcinoma and may account for at least some previous reports of rare ALK-rearranged tumors with a 'squamous' histology. 11, 16 Various histologic patterns have been associated with ALK þ lung adenocarcinomas. The majority of ALK þ lung adenocarcinomas in our study showed a solid-predominant architectural pattern, in agreement with previous reports from both Western and Asian patient cohorts. 11, 15 We also found that micropapillary-predominant adenocarcinomas were significantly associated with ALK rearrangements. The presence of a micropapillary pattern in lung adenocarcinomas reportedly correlates with increased propensity for metastasis, pleural invasion, and decreased survival among stage I patients. [22] [23] [24] Molecular analysis of the 41 lung adenocarcinomas with a micropapillary-predominant pattern in our study cohort revealed ALK rearrangements in 19 (46%) followed by KRAS mutations in 6 (15%) (data not shown), whereas others have demonstrated a strong association between EGFR mutations and the micropapillary pattern in previous studies with resection specimens. 25, 26 These findings complement the evolving molecular characterization of micropapillary lung adenocarcinomas and support the recent recommendations by the IASLC/ATS/ERS to consider micropapillary architecture to be a distinct and potentially biologically significant histologic subtype. Abbreviations: MV, multivariate; NPV, negative predictive value; PPV, positive predictive value; SRC, signet ring cells. Sensitivity, specificity, PPV, and NPV for all cases in the validation set as well as subset analysis for primary tumors, metastatic tumors, and small biopsy specimens are shown.
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Interestingly, the papillary-predominant pattern emerged as a histologic subtype that was independently associated with ALK þ lung adenocarcinomas after controlling for other morphologic features with the multivariate model. The association between the papillary subtype and ALK rearrangements was not evident in the univariate analysis, likely because dominant histology is not independent of other morphologic parameters, such as the presence of signet ring cells or hepatoid cells. In other words, the cytologic features of ALK þ tumors are frequently associated with certain histologic patterns, as evidenced by prior studies describing combinations of morphologic elements that are characteristic of ALK rearrangements, such as the 'solid signet ring cell' pattern. 11, 15 Our analysis has also shown that signet ring cells and hepatoid cytology are both significantly associated with solid-predominant histology. Therefore, although the overall prevalence of papillary-predominant tumors is low among ALK þ lung cancers, this histologic subtype may indicate the presence of ALK rearrangements, especially in cases where clinical features are suggestive of ALK rearrangements but other characteristic cytologic features such as signet ring and hepatoid tumor cells are absent.
Our analysis also found that acinar-predominant histology was significantly decreased among ALK þ lung adenocarcinomas, whereas numerous studies from a primarily Japanese patient population have found acinar-predominant tumors to be significantly increased in ALK þ lung adenocarcinomas. 8, 13, 15, 17 Furthermore, our analysis did not identify the cribriform pattern, extracellular mucin, or the 'mucinous cribriform' pattern to be strong predictors for ALK rearrangements in our patient cohort, in contrast to the findings described by others. 15, 17 It is unclear whether the discrepancies between our study and those from Japan represent ethnic or other differences between the study populations. In spite of these differences, the solid, micropapillary, and cribriform patterns were all classified as 'high-grade' patterns with increased metastatic potential by a recently proposed histologic grading system for lung adenocarcinomas. 27 Therefore, regardless of the apparent morphologic differences among the various studies, there seems to be agreement that ALK þ tumors tend to adopt an aggressive histologic pattern.
In contrast to primary ALK þ lung adenocarcinomas, ALK þ tumors from metastatic foci could not be distinguished from ALKÀ tumors based on the predominant histologic subtype. As solid and micropapillary patterns of lung adenocarcinoma have been reported to have an increased propensity for metastasis, it is possible that any statistical predilection that ALK þ tumors show for a solid or micropapillary pattern is diminished by the overall higher prevalence of solid and micropapillary patterns at metastatic sites. 22, 23, 27 Although ALK þ primary lung adenocarcinomas were associated with the presence of hepatoid tumor cells and psammoma bodies, these associations also failed to be preserved in metastatic tumors. It is currently unclear why these morphologic features help distinguish ALK rearrangements in primary lung tumors but not in metastatic tumors.
We included the specimen type as a covariate in the statistical analysis of both primary and metastatic lung adenocarcinomas, given the notion that the amount and quality of tissue obtained by a particular type of procedure may influence the cytomorphologic evaluation of the specimen. Interestingly, specimen type turned out to be a significant and independent predictor of ALK rearrangements in our study cohort and was thus included in the scoring system. In our study cohort, 48% of ALK þ tumors were sampled by small biopsies, compared with 25% of ALKÀ tumors (Po0.0001, data not shown). This association between ALK status and specimen type likely reflects the fact that the majority of ALK þ lung adenocarcinomas present at an advanced clinical stage and are typically diagnosed on specimens obtained from metastatic or primary sites by minimally invasive procedures. 11, 12 Notably, small biopsy specimens were sufficient to show a significant association between signet ring cells and ALK þ tumors, although signet ring cells were present only focally (ie, comprised o10% of the examined tumor) in 18 out of 50 (36%) ALK þ small biopsy specimens. In contrast, small biopsy specimens showed no significant association between ALK status and other morphologic features, including predominant histologic patterns. Of note, a small biopsy may not accurately represent the predominant histologic subtype of the entire lesion, and the lack of association between histologic pattern and ALK status may reflect a limitation of the sampling technique. Furthermore, small specimens are susceptible to procedure-related artifacts, and poor preservation of tumor architecture in such samples may have resulted in more frequent classification of tumor histology into the 'solid' category.
Although our study highlights the utility of comprehensive morphologic analysis of lung adenocarcinomas, it also underscores the limitations of phenotypic analysis in screening for the genotype of a tumor. Morphologic analysis alone will not detect a minority of ALK þ lung adenocarcinomas and is not sufficient as a sole screening method for ALK rearrangements. With the recent FDA approval of crizotinib, it has become increasingly important to identify all patients who may be eligible for treatment with ALK inhibitors. Considering that compulsory FISH analysis for ALK rearrangement on all lung adenocarcinoma specimens may not be feasible because of financial and/or personnel constraints, correlation with clinical profiles, 11, 12 and/or the establishment of immunohistochemical scoring system [28] [29] [30] [31] are warranted in order to efficiently triage lung adenocarcinomas for ALK rearrangement studies. To that end, our laboratory is currently validating an anti-ALK monoclonal antibody (clone 5A4, Novocastra, Newcastle Upon Tyne, UK) at 1:50 dilution with Leica automation (Leica BOND-III, Leica Microsystems, Buffalo Groove, IL, USA) for use as an immunohistochemical screening tool for ALK rearrangements. Preliminary analysis in a subset of our FISH-proven ALK þ (N ¼ 29) and ALKÀ (N ¼ 110) lung adenocarcinomas show that a two-tier scoring system (any positive vs negative staining) detects ALK rearrangements with a sensitivity, specificity, PPV, and NPV of 100% (data not shown). Although the results need to be validated in larger cohort studies, given the superior sensitivity and specificity of ALK immunohistochemistry compared with morphologic analysis alone, these findings support the use of screening immunohistochemistry with the 5A4 antibody for all lung adenocarcinomas, with confirmation of ALK rearrangements by FISH in positively staining cases.
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